Voltage-gated Na 1 channels (Na v ) modulate neuronal excitability, but the roles of the various Na v subtypes in specific neuronal functions such as synaptic transmission are unclear. We investigated expression of the three major brain Na v subtypes (Na v 1.1, Na v 1.2, Na v 1.6) in area CA1 and dentate gyrus of rat hippocampus. Using light and electron microscopy, we found labeling for all three Na v subtypes on dendrites, dendritic spines, and axon terminals, but the proportion of pre-and post-synaptic labeling for each subtype varied within and between subregions of CA1 and dentate gyrus. In the central hilus (CH) of the dentate gyrus, Na v 1.1 immunoreactivity was selectively expressed in presynaptic profiles, while Na v 1.2 and Na v 1.6 were expressed both pre-and postsynaptically. In contrast, in the stratum radiatum (SR) of CA1, Na v 1.1, Na v 1.2, and Na v 1.6 were selectively expressed in postsynaptic profiles. We next compared differences in Na v subtype expression between CH and SR axon terminals and between CH and SR dendrites and spines.
1 currents vary in their gating properties, suggesting that different Na v subtypes and/or auxiliary subunits are preferentially localized and contribute to distinct Na v -dependent physiological functions (Colbert, Magee, Hoffman, & Johnston, 1997; Gasparini & Magee, 2002) .
Three major Na v subtypes (Na v 1.1, Na v 1.2, Na v 1.6) are expressed in adult mammalian brain, each consisting of a specific a-subunit and one or more auxiliary b-subunits (Catterall, 1984; Yu & Catterall, 2003) . Immunolabeling for all three subtypes has been detected by light microscopy in presynaptic compartments in various brain regions (Caldwell, Schaller, Lasher, Peles, & Levinson, 2000; Boiko et al., 2003; van Wart et al., 2007; Lorincz & Nusser, 2008; Hu et al., 2009 ), while Na v 1.1 and Na v 1.2 are selectively expressed in the soma (Westenbroek, Merrick, & Catterall, 1989; Gong, Rhodes, Bekele-Arcuri, & Trimmer, 1999) . In the hippocampus, Na v 1.6 and Na v 1.2 have greater dendritic expression in area CA1 (Lorincz & Nusser, 2010) , while Na v 1.1 labeling is concentrated in the AIS and nodes of Ranvier in the dentate gyrus (DG; Ogiwara et al., 2007; Duflocq, Le Bras, Bullier, Couraud, & Davenne, 2008) . Comprehensive analysis of differences in the subcellular expression of the major brain Na v subtypes is unknown.
The hippocampus consists of subregions with distinct cell populations and architecture. The majority of hippocampal neurons are excitatory principal cells that form asymmetrical synapses (van Groen & Wyss, 1990; Blasco-Ib añez & Freund, 1995) . In contrast, inhibitory neurons are fewer in number and form symmetric synapses (Freund & Buzs aki, 1996) . We hypothesized that Na v subtype expression is heterogeneous between different hippocampal subregions. Area CA1 and DG are two well-characterized subregions with distinct cell populations, subcellular structures, and functions. Area CA1 is primarily an excitatory region receiving glutamatergic input from area CA3 and entorhinal cortex (Amaral & Witter, 1989; Megías, Emri, Freund, & Guly as, 2001) . LTP in the CA1 region is an extensively studied model of activity-dependent plasticity in the mammalian brain (Malenka & Nicoll, 1993; Malenka, 2003) . The stratum radiatum (SR) is a representative subfield of CA1 containing mostly pyramidal neurons with few basket cell interneurons (Freund & Buzs aki, 1996) . Similarly, the DG receives excitatory projections from the entorhinal cortex, but one of its sublayers, the central hilus (CH), also contains multiple inhibitory interneurons including basket cells and neuropeptide Y containing cells (Freund & Buzs aki, 1996; Amaral, Scharfman, & Lavenex, 2007) . Intracellular labeling and post-embedding immunogold staining for GABA confirm these interneurons as mostly GABAergic (Kosaka et al., 1985 (Kosaka et al., , 1988 Soriano & Frotscher, 1989; Halasy & Somogyi, 1993) .
We used both light and electron microscopic immunocytochemistry to determine the spatial distributions of Na v 1.1, Na v 1.2, and Na v 1.6 in rat hippocampal subfields SR (CA1) and CH (DG). To gain functional insights, we separately analyzed and quantified the expression of all three Na v subtypes in pre-and post-synaptic structures identified by electron microscopy. were used for immunocytochemical studies. Rats were deeply anesthetized with sodium pentobarbital (150 mg/kg, i.p.) and transcardially perfused sequentially with: 1) 15 mL 0.9% (w/v) NaCl containing 1,000 units/ml heparin; 2) 50 mL 3.75% (w/v) acrolein and 2% (w/v) paraformaldehyde in 0.1M phosphate buffer (PB; pH 7.4), and 3) 200 mL of 2% (w/v) paraformaldehyde in PB (Milner, Waters, Robinson, & Pierce, 2011) . Each brain was removed, cut into 5 mm coronal blocks using a brain mold (Activational Systems, Warren, WI) and post-fixed in 2% (w/v) paraformaldehyde in PB for 30 min. Following post-fixation, regions containing the hippocampal formation (HF) were cut into 40 lm thick coronal sections using a vibrating microtome (Vibratome, Leica Biosystems, Buffalo Grove, IL) and collected into PB. Sections were stored at 2208C in cryoprotectant (30% sucrose, 30% ethylene glycol in PB) until immunocytochemical processing (Milner et al., 2011) .
| M A TE RI

| Cell culture and transfection
Rat hippocampal cells were cultured according to Calabrese and Halpain (2005) . Briefly, whole hippocampi were dissected from embryonic day 18 Sprague Dawley rats, and the cells dissociated, cultured on glass coverslips (Carolina Biological, Burlington, NC) in 24-well plates (BD Biosciences, San Jose, CA) at a density of 300 cells/mm 2 , and maintained in Neurobasal medium (GIBCO, Grand Island, NY) supplemented with SM1 (Stem Cell Technologies, Vancouver, Canada) and 0.5 mM Lglutamine (Sigma-Aldrich, St. Louis, MO). For some experiments, the hippocampus was separated into CA and DG regions prior to dissociation. Neurons were transfected at 21 days in vitro (DIV) using calcium phosphate precipitation with 4-6 lg pEGFP-N1 (Clontech, Mountain View, CA) according to K€ ohrmann et al. (1999) to allow visualization of dendritic and axonal morphology by fluorescence microscopy. Cells The HEK293FT (RRID:CVCL_6911) human embryonic kidney cell line (Invitrogen, Carlsbad, CA) was used for antibody verification as they do not express endogenous Na v 1.1, Na v 1.2, or Na v 1.6 (He & Soderlund, 2010) . Cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) supplemented with 10% (v/v) fetal bovine serum (Invitrogen), 2 mM L-glutamine, 100 U/mL penicillin, and 100 lg/mL streptomycin (Invitrogen) and 50 mg/mL Geneticin (Thermo Scientific, Rockford, IL) at 378C under 95% air/5% CO 2 . Cells were grown on 12-mm glass coverslips in 35-mm polystyrene culture dishes and transiently transfected with human Na v 1.1 (pCMV vector), rat Na v 1.2 (pcDM8 vector), or mouse Na v 1.6 (modified pcDNA vector) with pEGFP-N1 (Clontech, Mountain View, CA) as a reporter plasmid (0.5-1 lg), or reporter plasmid alone, using Lipofectamine LTX (Invitrogen). The Na v clones were kindly provided by: Alfred L. George Jr.
(Northwestern University, Chicago, IL)-human Na v 1.1; William Catterall (University of Washington, Seattle, WA)-rat Na v 1.2a; Stephen Waxman (Yale University, New Haven, CT)-mouse Na v 1.6. At 48 hr after transfection, the transfected cells were fixed and identified by expression of eGFP using fluorescence microscopy.
| Antibodies
Antibodies to Na v 1.1 (Alomone Labs Cat# ASC-001 Lot# RRID: AB_2040003), Na v 1.2 (Alomone Labs Cat# ASC-002 Lot# RRID: AB_2040005), and Na v 1.6 (Alomone Labs Cat# ASC-009 Lot# RRID: AB_2040202) were purchased from Alomone (Jerusalem, Israel). All antibodies were affinity-purified rabbit polyclonal antisera raised against synthetic peptides corresponding to the intracellular loop between domains I and II of rat Na v 1.1 and Na v 1.2, and between domains II and III of rat Na v 1.6 (Table 1) . Validation of all three Na v antibodies from Alomone has been demonstrated (Alomone; Cheng et al., 2014; Blanchard et al., 2015; Cesca et al., 2015; Liu, Tan, Xiao, & Dawe, 2015) . Antibody specificity was confirmed using immunoblotting and immunocytochemistry of primary neurons and HEK cells as described below.
Hippocampal primary cell lysates or lysates from untransfected and transfected HEK293FT cells were harvested and solubilized in lysis buffer (50 mM Tris-HCl; pH 7.5, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, and protease inhibitors) at 48C for 30 min and centrifuged at 100,000 g for 30 min to remove insoluble material. For immunoprecipitation, rat hippocampal lysate (0.5 mL of 1.5 lg/mL protein) was prepared (Tippens & Lee, 2007) and incubated with Na v antibodies (5 lg) for 1 hr rotating at 48C. Protein concentrations were determined by BCA protein assay kit (Thermo Scientific) using bovine serum albumin (BSA) as standard. Protein-A-Sepharose (RepliGen, Waltham, MA; 50 lL of 50% slurry) was added and reactions continued for an additional 2 hr rotating at 48C. Following three washes in lysis buffer, proteins were eluted with sodium dodecyl sulfate (SDS)-containing sample buffer and subjected to SDSpolyacrylamide gel electrophoresis (PAGE). Proteins from transfected cells or immunoprecipitated from brain or cell lysates were detected by immunoblotting (Pierce Fast Western Blot Kit, Thermo Scientific) after transfer to polyvinylidine difluoride membranes (0.45 lm, BioRad, Hercules, CA) as described (Hemmings, Girault, Nairn, Bertuzzi, & Greengard, 1992) . Membranes were incubated in blocking buffer (5% dried milk powder (w/v) in PBST [10 mM Na-phosphate, 250 mM NaCl, 0.5% (v/v) Tween 20, pH 7.8]) for 1 hr, and then with anti-Na v 1.1
(1:400), Na v 1.2 (1:200), or Na v 1.6 (1:800) without or with an equal concentration of preadsorption control peptide antigen for 1 hr. Membranes were washed three times for 10 min with PBST, and bound antibody was detected using horseradish-peroxidase (HRP)-conjugated anti-rabbit antibodies (1:10) with enhanced chemiluminescent detection reagents (Thermo Scientific).
| Immunocytochemistry
Primary hippocampal neurons or HEK293FT cells were fixed with 3.7% (w/v) formaldehyde in phosphate-buffered saline (150 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4; PBS) plus 120 mM sucrose for 20 min at 378C. Fixed cells were rinsed with PBS and permeabilized with 0.2% (w/v) Triton X-100 in PBS for 4 min at room temperature, then blocked for 30 min with 2% (w/v) BSA in PBS.
Antibodies to the following antigens were used: guinea pig polyclonal vGlut1 (Synaptic Systems, Goettingen, Germany) at 1:10,000, mouse monoclonal GAD2/GAD65 (Synaptic Systems) at 1:1,000, and rabbit polyclonal Na v 1.1 (1:400), Na v 1.2 (1:200) and Na v 1.6 (1:800) (Alo- 
| Immunoperoxidase labeling
Free-floating sections from fixed rat dorsal hippocampus were processed together to minimize differences in immunocytochemical labeling (Pierce, Kurucz, & Milner, 1999; Spencer, Waters, Milner, & McEwen, 2008) . Sections were processed for immunocytochemical localization using an avidin-biotin complex (ABC) protocol (Hsu, Raine, & Fanger, 1981) as modified by Milner et al., (2011) . Briefly, hippocampal sections For light microscopy, sections were rinsed in PB and mounted onto gelatin-coated glass slides. Sections were dehydrated and coverslipped with DPX mounting medium (Sigma Aldrich).
For electron microscopy, sections were postfixed for 1 hr in 2%
(w/v) osmium tetroxide in PB, dehydrated through an increasing series of ethanol and propylene oxide, and embedded in EMBed 812 (EMS, Hatfield, PA) for 12 hr, mounted between two sheets of plastic and incubated at 608C for 3 days (Milner et al., 2011 for three sets totaling 1,050 lm 2 of tissue examined for each lamina.
Second, Na v immunoreactivity in labeled synapses was pooled by profile type (presynaptic-axon terminals; postsynaptic-dendrites, spines).
Five micrographs (total area 350 lm 2 for one experiment) were analyzed for each antibody, and pre-and post-synaptic profiles were compared within the SR and CH laminae using unpaired two-tailed t tests to determine: pre-or post-synaptic preference for specific Na v subtype expression in CH synapses; and pre-or post-synaptic preference for specific Na v subtype expression in SR synapses. The same pre-and post-synaptic profiles were compared between layers using unpaired two-tailed t tests to determine: differences in specific Na v subtypes expressed between axon terminals in CH and SR; and differences in specific Na v subtypes expressed between dendrites and spines in CH and SR. Data for each profile type are described as percentage of total synapses per group. We further classified labeled synapses as symmetric or asymmetric for each Na v subtype and layer as follows: Pre-or postsynaptic profiles containing Na v labeling were identified. From these labeled profiles, the percentage forming symmetric or asymmetric synapses were determined and compared using two-tailed t tests, followed by correction for multiple comparisons by the Holm-Sidak method (N 5 3). Data are expressed as percentage of labeled synapses from total synapses in each lamina or as percentage of total labeled synapses. Significance was set at p < .05 and data are expressed as mean 6 SEM. Data analysis was performed using GraphPad Prism 7.0
and Excel (Microsoft, Redmond, Washington).
| R E SU LTS
| Validation of Na v antibodies
Antibodies to the three major Na v subtypes expressed in rat brain (Na v 1.1, Na v 1.2, and Na v 1.6) were used to examine their ultrastructural localization in rat hippocampal subfields. Antibodies were affinitypurified antisera with specificity confirmed as follows: Antibodies immunoprecipitated proteins corresponding in molecular mass to Na v 1.1 (260 kDa) or Na v 1.2 (280 kDa) from rat hippocampal brain lysates (Figure 1a, b) . Immunoblotting of hippocampal lysates with antiNa v 1.1 confirmed expression of Na v 1.1, which was not detected by anti-Na v 1.2 or anti-Na v 1.6 (Figure 1a ). Similar specificity was verified for anti-Na v 1.2 (Figure 1b ). We were unable to immunoprecipitate Na v 1.6 from rat hippocampal lysates although at least one study has shown immunoblotting of Na v 1.6 with the same antibody after immunoprecipitation with amyloid precursor protein from mouse brain (Liu et al., 2015) . Concentration of Na v 1.6 (whole brain vs. hippocampus) and temperature used to denature samples (35 vs. 958C) could have affected sample amount or degradation. To circumvent this, lysates from HEK293FT cells transfected with cDNA corresponding to Na v 1.1, Na v 1.2, or Na v 1.6 were used (Blanchard et al., 2015) . Transfection was verified by measuring Na 1 currents using patch-clamp electrophysiology (data not shown), and immunoblotting with anti-Na v 1.6 confirmed expression, molecular mass (245 kDa) and specificity of anti-Na v 1.6
( Figure 1c ) with a preadsorption antigen peptide used as a control (Figure 1c , right two lanes). In addition, specificity for Na v 1.6 was confirmed by specific immunofluorescence labeling using anti-Na v 1.6 of HEK293FT cells transfected with eGFP and Na v 1.1, Na v 1.2, or Na v 1.6 (Figure 1d ; Supporting Information Figure S1D for red/green). Cotransfection efficiency was less than 100%, but all cells expressing Na v 1.6 also expressed eGFP (Figure 1d , arrows; Supporting Information Figure S1D for red/green).
| Light microscopic localization of Na v immunoreactivity
Strong immunoreactivity for Na v 1.1, Na v 1.2, and Na v 1.6 was detected in the pyramidal cell layer (PCL) of the hippocampus proper (Figure 2b , top panels) and the granule cell layer (GCL) of the DG (Figure 2c , top panels) using DAB detection by light microscopy. In CA1, immunoreactivity for all three Na v subtypes extended from the pyramidal cell soma into the basal dendrites of the SO and into apical dendrites of the SR and stratum lacunosum moleculare (SLM) (Figure 2b, top panels) . Similarly, surrounding laminae of granule cells of the DG showed Na v immunoreactivity continuing into the molecular layer (ML) as well as into the CH (Figure 2c , top panels).
Immunofluorescence labeling for all Na v subtypes was also observed in primary rat hippocampal neurons isolated from CA1 (Figure 2b , bottom panels; Supporting Information Figure S2B for red/ green) and DG ( Figure 2c , bottom panels; Supporting Information Fig- ure S2B for red/green). Na v is expressed in both excitatory and inhibitory neurons (Westenbroek et al., 1989; Trimmer & Rhodes, 2004) , with cell type-dependent differences in subtype expression accounting for variability in action potential initiation site and firing properties (Ogiwara et al., 2007; Lorincz & Nusser, 2008) . To determine whether excitatory and inhibitory presynaptic terminals differ in Na v subtype expression, hippocampal cultures were co-labeled with Na v and axon terminal markers selective for excitatory (vGlut-glutamate) or inhibitory (GAD65-GABA) neurotransmitters. We observed partial co-localization for vGlut or GAD65 in all Na v subtypes ( Figure 2d , Na v 1.1 shown;
Supporting Information Figure S2D for red/green).
3.3 | Electron microscopic immunolocalization of Na v 1.1, Na v 1.2, and Na v 1.6
At the electron microscopic level, Na v 1.1, Na v 1.2, and Na v 1.6 labeling was found in all laminae of the CA1 and DG examined. Labeling by all three Na v antibodies was found in dendrites, dendritic spines, axon ter- were found in CH (Figure 6d , left). Unlabeled synapses were similarly distributed in CH and SR (30-50%; Figure 6b ).
3.5 | Na v 1.1 and Na v 1.2 are highly expressed in axon terminals in central hilus compared to stratum radiatum and in dendrites and spines in stratum radiatum compared to central hilus 39%; Figure 6e , right). Such differential regional and subcellular expression of specific Na v subtypes suggests distinct regulatory roles in modulating network excitability and exocytosis. No significant differences were found for Na v 1.6 expression in axon terminals, dendrites, or spines between CH (32 vs. 18%) and SR (43 vs. 45%) (Figure 6e ).
3.6 | All Na v subtypes are primarily expressed at asymmetric synapses Na v can play different roles based on cellular and subcellular localization, and our results show regional differences in Na v subtype expression between pre-and post-synaptic sites. To determine whether inhibitory and excitatory presynaptic terminals differ in expression of Na v subtypes, we examined Na v subtype immunoreactivity in pre-and postsynaptic structures from SR and CH by identifying terminals forming or dendrites receiving symmetric or asymmetric synapses, which are likey inhibitory or excitatory, respectively (Figure 7a ; Peters et al., 1991) .
Pre-or post-synaptic profiles containing Na v labeling were identified. From these labeled profiles, the percentage forming symmetric or asymmetric synapses were determined. We observed distinct patterns of Na v expression in SR with preferred labeling for all subtypes in postsynaptic compartments (Figure 7b ). Immunolabeling mostly occurred on dendritic spines, and was mainly associated with asymmetric synapses ( Figure 7b ). In CH, greater expression of Na v 1.1 was found on presynaptic terminals (Figure 6d , e, left panels), but all Na v subytpes were also mainly associated with asymmetric synapses (Figure 7c ).
| D I SCUSSION
The major brain Na v subtypes exhibit distinct patterns of cellular and subcellular expression in rat hippocampus. Na v 1.1, Na v 1.2, and Na v 1.6
were expressed in dendrites, dendritic spines, and axon terminals, with (Figure 6e ). Although a trend for higher expression in CH axon terminal was found, no significant differences in Na v 1.6 expression in axon terminals or dendrites and spines between CH and SR were found ( Figure 6e ). Most pre-and post-synaptic labeling of Na v in both subregions was associated with asymmetric synapses. Regional and cellular differences in Na v subtype expression could influence neuronal network interactions for regulating hippocampus-dependent functions through effects on neuronal excitability and synaptic transmission.
| Methodological considerations
The antibodies to Na v 1.1, Na v 1.2, and Na v 1.6 used are well characterized having undergone rigorous biochemical and immunocytochemical analyses. They have been used previously in rodent brain, supporting specificity of labeling in rat hippocampus (Cheng et al., 2014; Cesca et al., 2015) . Using rat lysates, we confirmed specific labeling for Na v 1.1 and Na v 1.2, and of Na v 1.6 using transfected HEK293FT cells (see also Blanchard et al., 2015) .
Labeling by antibodies generated against intracellular sequences can be affected by epitope masking, and Na v have been shown to interact directly with various auxiliary subunits and protein modulators (Sampo et al., 2000) . Incomplete antigen representation would reduce detection and lead to underestimated expression of Na v in CA1 and DG, particularly in small, less abundant profiles. Analysis of a large number of labeled profiles (1,050 lm 2 of tissue per antibody in three rats) was used to minimize these limitations. In addition, quantitative analysis was conducted between or within regions for the same antibody allowing direct comparisons of similarly processed tissue.
| Functional correlations of Na v expression
A variety of medical conditions are associated with mutations in Na v subtypes, for example, impaired cognitive performance is associated with reduced Na v 1.1 expression in mice and humans with a SCN1A mutation (Jensen, Grunnet, & Bastlund, 2014) . Na v 1.1 mutations also play a role in pain signaling and are associated with hemiplegic et al., 2013) . Na v 1.2 mutations are involved in autism (Sanders et al., 2012; Schmunk & Gargus, 2013; Tavassoli et al., 2014) , and both Na v 1.2 and Na v 1.6 are implicated in the pathophysiology of multiple sclerosis (Waxman, 2008) .
Specificity of Na v function can be determined by subtype-specific gating properties (activation/inactivation), developmental and regionspecific expression, and/or targeting to specific subcellular and functional domains of a neuron. For example, Na v 1.2 is the only subtype expressed at nodes of Ranvier and AIS early in development (Boiko et al., 2003; Osorio et al., 2005) , but is replaced by Na v 1.6 later in development (Tian, Wang, Ke, Guo, & Shu, 2014) . Consequently, in mature neurons, action potential generation transitions from Na v 1.2 to Na v 1.6, which has a lower voltage threshold for activation and affects seizure susceptibility (Liao et al., 2010; Gazina et al., 2015) .
Previous studies have demonstrated Na v 1.1, Na v 1.2, and Na v 1.6 expression in axons and terminals (Duflocq et al., 2008; Lorincz & Nusser, 2008) and Na v 1.1 and Na v 1.6 expression in dendrites and spines (Westenbroek et al., 1989; Lorincz & Nusser, 2010) of the hippocampus. We extended these findings using electron microscopy to
show that all three major neuronal Na v subtypes are expressed both (Lai & Jan, 2006) . Functionally distinct dendritic Na 1 currents would allow tuning of presynaptic excitation and postsynaptic responses necessary for specific forms of synaptic plasticity (Stuart et al., 1997) . Based on the expression pattern, Na v 1.1 and Na v 1.2 are important to neurotransmitter release in CH and action potential backpropagation and synaptic plasticity in SR, interpretations that require neurophysiological confirmation.
Postsynaptic Na v immunoreactivity in SR was largely in dendritic spines, primary sites of excitatory input. This is in contrast to an earlier electron microscopy study showing somatodendritic, but not dendritic spine localization of Na v 1.6 in SR (Lorincz & Nusser, 2010) , which might be due to differences in antibody and tissue preparation. Moreover, the location of sampling might also have an effect as the amplitude of dendritic Na 1 action potentials steeply decreases with distance from the soma (Svoboda et al., 1999) . Many studies support the presence of Na v in dendritic spines. Densities of Na v in dendritic shafts do not account for the effective backpropagation observed, and simulation studies suggest Na v clustering in spines (Tsay & Yuste, 2002; Tønnesen & Nägerl, 2016) . Electrical isolation of spines is also supported by Ca 1 imaging, two-photon glutamate uncaging and electrophysiology studies (Araya, Jiang, Eisenthal, & Yuste, 2006; Grunditz, Holbro, Tian, Zuo, & Oertner, 2008; Harnett, Makara, Spruston, Kath, & Magee, 2012) .
Electrophysiological studies show that axonal and dendritic Na 1 currents differ in their activation and inactivation properties (Gasparini & Magee, 2002) , consistent with distinct Na v subtype compositions.
For example, axonal Na 1 currents rapidly activate and completely inactivate compared to sustained somatodendritic Na 1 currents (Westenbroek et al., 1989) . We identified specfic Na v subtypes favoring an axonal or dendritic distribution that can be combined with future electrophysiological studies to delineate distinct neurophysiological functions.
4.3 | Na v 1.1 in stratum radiatum and central hilus associates more with asymmetric synapses
Inhibition of Na v activity has little effect on GABAergic axons (He, Zorumski, & Mennerick, 2002; Meeks & Mennerick, 2004) suggesting not only region-specific but also transmitter-specific roles of Na v subtypes.
For example, Na 1 currents in interneurons are sustained, less sensitive to inactivation and generally greater than in glutamatergic pyramidal cells (Mickus, Jung, & Spruston, 1999; Martina, Vida, & Jonas, 2000) .
The balance between excitatory and inhibitory transmission is critical for normal neuronal function, and aberrant Na v activity is central to the (Tsai et al., 2015) . This loss of inhibitory regulation was also found in interneurons but not pyramidal neurons of Na v 1.1 1/2 mice (Yu et al. 2006; Ogiwara et al., 2007) . Thus, transmitter-specific roles of Na v subtypes are critical to understanding neuronal activation leading to hyperexcitability.
Studies have shown Na v 1.1 expression only in axonal initial segment of GABAergic interneurons (Ogiwara et al., 2007; Lorincz & Nusser, 2008) , but synaptic labeling was not examined. To determine if expression of specific Na v subtype(s) associates more closely with a particular neurotransmitter, we compared Na v expression in symmetric or asymmetric synapses. All Na v subtypes in both the SR and CH were associated more with asymmetric/potentially excitatory synapses (Figure 7) . Although the CH contains many interneurons, most Na v reactivity was within excitatory terminals and spines most likely representing mossy fiber terminals (>1 lm in diameter; Peters et al., 1991) , which suggests that selective inhibition of mossy terminals might be an effective antiepileptic therapy. Future studies identifying Na v reactivity specifically within interneurons as well as in additional regions of the CA1 and DG will be necessary for more complete understanding.
| C ONC LUSI ON S
Neuronal Na v subtypes are preferentially expressed in dendrites and dendritic spines receiving potentially excitatory glutamatergic synapses in SR. This dendritic Na v distribution could be critical for synaptic plasticity associated with learning and memory. In contrast, axon terminals forming potentially glutamatergic synapses highly express Na v subtypes in CH suggesting an important role in neurotransmitter release. 
